This note investigates the increase of the sensitivity of radiochromic film by layering the film together. Investigations with up to five layers of radiochromic film placed together as a single dosimeter have allowed accurate two-dimensional dosimetry at low radiotherapy doses. The sensitivity of the response of the layered film increases with the number of layers, with the fivelayer dosimeter increasing the change in optical density by 4.3 ± 0.2 times that for a single layer film at 670 nm readout wavelength. Measurements in the penumbral region of a 6 MV x-ray beam show that the spatial resolution is slightly reduced with the layered film. The distance across the region from 20 to 80% of the maximum dose at the beam edge (20/80% penumbra) measured at 1.5 cm depth was measured as 3.1 ± 0.3 and 3.5 ± 0.3 mm for one and five layers, respectively. Thus no major reduction in spatial resolution was found by layering the film to five layers but the sensitivity was increased by 430% at 670 nm readout wavelength.
Introduction
Gafchromic MD-55-2 film, due to its relatively low energy dependence compared to radiographic film, has become a significant dosimetry tool in high-energy radiotherapy (Klassen et al 1997 , Niroomand-Rad et al 1998 , McLaughlin et al 1991 . One of its shortcomings for use in both in-phantom and in vivo dosimetry, however, has been its low sensitivity, normally requiring large doses (5 Gy or more) to produce acceptable results. There seem to be some discrepancies in the actual absorption spectral sensitivity of the MD-55-2 film reported within the literature. McLaughlin et al (1996) show the spectral response for the MD-55-2 film from 400 to 750 nm with doses to the film of 0, 10 and 60 Gy. At the (approx 676 nm) peak the change in absorbance is approximately 0.06 OD per gray for the 10 Gy film and approximately 0.05 OD per gray for the 60 gray film. Klassen et al (1997) show a similar absorption spectrum for an MD-55-2 film but produce dramatically different results. For 6 Gy absorbed dose the response is approximately 0.1 OD units per gray for 6 Gy. This is approximately a factor of 2 higher at this specific wavelength. Not only is the change in optical density greater, the optical density of the non-irradiated film is much larger. As large variations in the sensitivity of the Gafchromic film are quoted in the literature, the authors wished to provide a simple method for increasing the sensitivity response of the Gafchromic film so that lower doses could be measured if required. A simple and straightforward way to increase the dose response for a detector using Gafchromic film is to use a layered detector. Thus using the principle described by the Beer-Lambert law (Pitt 1976 ) that the light absorbed by a medium varies exponentially with the path length of the light in the medium, we can effectively increase the change in optical density with absorbed dose by layering films together. The note aims to quantify the increases in the Gafchromic film absorption spectra for single-layer and multiple-layer detectors and to briefly analyse changes in spatial resolution caused by layered detectors.
Materials and methods
Measurements were performed on a Varian 2100C accelerator at photon energies of 6 MV in a RMI 30 × 30 cm 2 solid water (Constanitinou et al 1982) slab phantom at 100 cm source-tosurface distance. The film used was Gafchromic MD-55-2 with batch number 970116. Higher sensitivity film dosimeters were constructed using up to five layers of MD-55-2 films placed in a stack and stuck together with tape. The experimental results shown are the average of five measurements with errors quoted as one standard deviation of the mean. The film pieces were 1 cm × 5 cm in size. The tape only covered the outer 1 mm edges of each dosimeter. Care was taken to make sure that the stack was bound tightly together, no air gaps were present between film layers and to reduce the effects of reflected/scattered light within the film stack and to minimize movement of the separate film pieces. This was confirmed by measurements of stack thicknesses compared to five individual layer thicknesses. Precautions in the handling of the radiochromic film outlined in TG-55 were used. The films during experiments storage and film analysis were kept at temperatures of 22 ± 2 • C thus reducing the effects of timeand temperature-dependent evolution and readout (Meigooni et al 1996) of the absorption spectra of the film. The film was only removed from a light tight envelope during irradiation and readout to reduce the effects of ambient light (Butson et al 1998) . Measurements were performed to analyse both the absorption sensitivity relationship with layer thickness and the spatial resolution of the film at various thicknesses. The film stacks were placed in the penumbral region of an x-ray beam for comparison of the spatial resolution for each layered detector. The film was analysed using two methods. The absorption spectra and sensitivity to dose of the radiochromic film were measured using a Shimadzu UV-160 UV-visible recording spectrophotometer. Its wavelength range is 200-1100 nm and is able to scan with a speed of up to 2400 nm per minute. The spectral bandwidth is 3 nm, the wavelength readout ±0.1 nm and has a wavelength accuracy of ±0.5 nm. It uses a double beam system and can measure optical density (OD) within 0.005 OD units. The spatial resolution of the film was measured using a modified Scanditronix densitometer, which uses a readout wavelength of 660 ± 10 nm (FWHM) (Carolan et al 1997) . The manufacturer quotes its spatial resolution as 0.1 mm. Negligible polarization effects (Klassen et al 1997) were observed using this densitometer.
Results and discussion
Figure 1(a) shows the initial absorption spectrum for the non-irradiated Gafchromic film in a single layer and for a five-layer stack. Due to the absorption characteristics we can see that a substantial increase in absorbance has occurred at all wavelengths due to the additive nature of absorbance per unit thickness of material. Figure 1(b) shows an absorption spectrum for a single-layer, three-layer and five-layer Gafchromic film detector with a 6 Gy applied dose from a 6 MV x-ray beam produced by a Varian 2100C linear accelerator. The single layer results match closely with McLaughlin et al's (1991) results for all wavelengths between 450 and 750 nm. The three-and five-layer detector produced larger absorbances per unit-absorbed dose. Thus we can effectively increase the change in optical density per unit-absorbed dose by increasing the number of films stacked. To highlight the differences in relative optical density increase, figure 2 shows the relative net increase in optical density at a 670 nm wavelength readout for one, three and five film layers for doses up to 6 Gy. From these results an increase in sensitivity of approximately 430% is seen for the five-layer dosimeter compared to the single layer film. Due to variations in the sensitivity response of film sheets and interbatch variability for the Gafchromic film, these results are only indicative of the increases in sensitivity. Each layered detector made would need a pre-exposure calibration to calculate the sensitivity response for that individual detector. This is the case for single layer films as well; thus a double exposure technique can be used for determining the dose response. One area of concern is the possible reduction in the spatial resolution involved by using a layered dosimeter. Figure 3 shows results for a comparison of measurement in the penumbral region of a 6 MV x-ray, 10 cm × 10 cm field size at 1.5 cm depth. One-, three-and five-layer dosimeter results are shown. The measured 80: 20% penumbral width for the one-, threeand five-layer detectors is 3.1 ± 0.3, 3.3 ± 0.3 and 3.5 ± 0.3 mm, respectively. The errors quoted are one standard deviation for the five detectors measured. This represents a slight decrease in spatial resolution, which however, would not cause serious concern for typical radiotherapy applications. The main reason for five-layer dosimeters being the maximum size tested in this work was due to the effective thickness of the detector becoming significant, (0.84 mm) producing a bulky detector which loses some ability to be shaped around a contour if necessary. If the film does not need to be shaped into any form, more layers of film could be used to further increase sensitivity.
Conclusion
Layered Gafchromic film detectors can be used to increase the sensitivity of a radiochromic film detector while not significantly diminishing spatial resolution. Tests were performed up to an arbitrary five layers; however, more layers could possibly be used to further increase sensitivity to the dose of a layered Gafchromic film detector if required.
